Purpose: To introduce a new k-space traversal strategy for segmented three-dimensional echo planar imaging (3D EPI) that encodes two partitions per radiofrequency excitation, effectively reducing the number excitations used to acquire a 3D EPI dataset by half. Methods: The strategy was evaluated in the context of functional MRI applications for: image quality compared with segmented 3D EPI, temporal signal-to-noise ratio (tSNR) (the ability to detect resting state networks compared with multislice two-dimensional (2D) EPI and segmented 3D EPI, and temporal resolution (the ability to separate cardiac-and respiration-related fluctuations from the desired blood oxygen level-dependent signal of interest). Results: Whole brain images with a nominal voxel size of 2 mm isotropic could be acquired with a temporal resolution under half a second using traditional parallel imaging acceleration up to 4Â in the partition-encode direction and using novel data acquisition speed-up of 2Â with a 32-channel coil. With 8Â data acquisition speed-up in the partition-encode direction, 3D reduced excitations (RE)-EPI produced acceptable image quality without introduction of noticeable additional artifacts. Due to increased tSNR and better characterization of physiological fluctuations, the new strategy allowed detection of more resting state networks compared with multislice 2D-EPI and segmented 3D EPI. Conclusion: 3D RE-EPI resulted in significant increases in temporal resolution for whole brain acquisitions and in improved physiological noise characterization compared with 2D-EPI and segmented 3D EPI. Magn Reson Med 72:786-792,
INTRODUCTION
Echo planar imaging (EPI) (1) is the main pulse sequence used for functional MRI (fMRI) (2, 3) . At high magnetic field strengths (!7T), due to the increased signal available and because of the increased susceptibility-induced artifacts, there is both an opportunity and a need to acquire higher spatial resolution. Increasing spatial resolution of multislice two-dimensional (2D) EPI implies an increase not only in the echo train length (ETL) but also in the number of slices needed to achieve the same volume coverage, thereby increasing the minimum pulse repetition time (TR) achievable for whole brain coverage to a point where it becomes comparable to the hemodynamic response.
Echo volume imaging or single-shot three-dimensional (3D) EPI (4, 5) is a technique where a thick slab is excited and multiple partitions are encoded within the thick slab during a single readout. 3D single-shot acquisitions require long ETL, which compromises the echo time (TE) and spatial resolution achievable, or have high demands on the gradient hardware (6) . One strategy that has been proposed for reducing ETL is to perform multislab echo volume imaging (7) . Dividing the volume in the partition-encode direction into N slabs reduces ETL by a factor of N; however, slices at the edge of each slab often have to be discarded because of a poor slice profile, which reduces the ability to use parallel imaging in the slab-encoding direction due to the reduced field of view. Alternate to conventional Cartesian trajectories, single-shot 3D k-space coverage has been proposed using either concentric shells trajectory (8) or 3D Rosette trajectory (9) . These new trajectories imply computationally intensive iterative reconstruction schemes.
A more established strategy to overcome the limitations of echo volume imaging is the acquisition of the 3D volume in several shots (10) (11) (12) , known as segmented 3D EPI. In this case, time needed to acquire one entire 3D k-space (TR volume ) is TR segment times the number of segments, where TR segment is the time between successive excitations of the tissue volume. Typically, one single k-space plane is acquired per excitation, leading to ETL comparable to those of 2D-EPI allowing acquisitions with TE $ T 2 *. Despite its reduced steady state magnetization due to the reduced TR segment and Ernst angle, segmented 3D EPI (12) provides multiple benefits over multislice 2D-EPI approach such as a higher sensitivity per unit scan time (13, 14) , the absence of a spin-history artifact (11) , and the possibility of applying parallel imaging technique in both phase-encode directions (12) . On the other hand, the maximum available temporal signal-to-noise ratio (tSNR) is reduced compared with single-shot acquisition (12, 13, 15) due to physiological processes (15) . This loss in tSNR can be recovered using physiological noise correction techniques (16, 17) , and a tSNR superior to 2D-EPI can be achieved (18) .
Recently, multiband excitations have been proposed to accelerate the acquisition of 2D multislice imaging (19) and EPI datasets (20) (21) (22) in which simultaneously acquired slices can be separated using coil sensitivity profiles (22) . Multiplexed-EPI (23) combines multislice excitation with simultaneous echo refocused EPI (24) at the cost of an increased ETL. These recent approaches have shown their potential to provide subsecond temporal resolution.
The aim of the present study was to develop an acquisition scheme, referred to here as 3D reduced excitations (RE)-EPI, which encodes two k-space planes per radiofrequency (RF) excitation (segment), effectively reducing the number of segments used to acquire the same 3D dataset by half while increasing ETL by a factor of 2 compared with 3D EPI. Image quality assessment was performed for 3D RE-EPI in combination with partial parallel acquisition (PPA) and partial Fourier (PF) with different overall data acquisition speed-up factors. tSNR was assessed using resting state network (RSN) detection for 3D RE-EPI and compared with segmented 3D EPI and multislice 2D-EPI acquisitions. The ability to better characterize physiological signal with 3D RE-EPI was demonstrated through power spectral analysis of physiological data and MR signal.
THEORY
The proposed sequence 3D RE-EPI (Fig. 1b) is a modified version of the segmented 3D EPI sequence (Fig. 1a) . In 3D RE-EPI, phase-encode blips are played out after every two readout gradients during the EPI echo train. Partition-encode blips with alternating polarity are played out to encode two successive partitions in a single EPI echo train. Such a k-space trajectory reduces the number of excitations and time needed to cover the imaging volume. The acquisition speed-up factor with 3D RE-EPI (S PU ) can be combined with conventional acceleration methods such as partial Fourier (A PF ) and parallel imaging (A PPA ). The speed-up factor (S) due to this novel acquisition technique, which provides a way to acquire 3D dataset faster at the cost of increased ETL, must not be confused with parallel imaging acceleration factors (A), which generally result in a reduction in ETL.
METHODS
All experiments were conducted according to procedures approved by the institutional review board and all participants provided written informed consent prior to experiments. Six healthy subjects (three males and three females; average age, 25.8 yr) were scanned on a 7T/680 mm head-only scanner (Magnetom, Siemens, Germany) equipped with a head gradient insert (maximum gradient strength and slew rate: 80 mT/m, 333 T/m/s). A 32-channel RF-head coil (Nova Medical Inc., Wilmington, Massachusetts, USA) was used for RF reception.
Image quality was evaluated in whole brain images acquired with 3D RE-EPI with 1.2 mm isotropic nominal resolution (using 156 Â 156 Â 120 acquisition matrices for the fully sampled data). The overall 3D RE-EPI speed-up (S ov ) in the partition-encode direction was varied from 1 to 8 using different combinations of S PU , A PF , and A PPA (S OV ¼ S PU Â A PF Â A PPA ). Other acquisition parameters were as follows: TR/TE ¼ 200/30 ms; flip angle (FA) ¼ 17
; readout bandwidth (rBW) ¼ 2190 Hz/ pixel; matrix size ¼ 156 Â 156 Â 120; PPA phase ¼ 3; and PF phase ¼ 6/8 in the phase-encode direction. Frequencyselective fat saturation pulses were applied before each excitation pulse. The partition-encode direction was set to superior-inferior, whereas the phase-encode direction was set anterior-posterior. Image reconstruction was performed entirely online through the vendor-provided software.
An additional low resolution was performed on one of the subjects to assess the effect of fat saturation on the chemical shift artifact, typically observed in echo planar images due to the inherent low bandwidth in the phaseencode direction. The protocol parameters were as follows: sagittal orientation, TR/TE ¼ 40/14 ms; FA ¼ 10 ; rBW ¼ 2604 Hz/pixel; matrix size ¼ 80 Â 80 Â 88; nominal resolution ¼ 2.5 mm isotropic; PPA phase ¼ 3, PF phase ¼ 6/8, phase-encode ¼ anterior-posterior. Images were obtained with and without a preparatory spectrally selective fat saturation pulse in two separate runs.
The benefit of improved tSNR with the 3D RE-EPI sequence, compared with multislice 2D EPI and segmented 3D EPI sequences, was evaluated through the detection of RSNs. Common protocol parameters for all FIG. 1. Pulse sequence diagrams for segmented 3D EPI (a) and 3D RE-EPI sequence (b). In 3D RE-EPI, the phase-encode blips are played out after every two readout blips and the partitionencode blips are played out with alternating polarity after every readout blip so that two adjacent partitions are encoded in a single RF excitation. The ETL becomes double that of the segmented 3D EPI. When the TE is kept constant, the minimum TR for 3D RE-EPI becomes 25% longer compared with segmented 3D EPI. (26) .
fMRI data were motion-corrected using the linear image registration tool FLIRT (FMRIB, Oxford, UK). Datasets were first aligned to their high-resolution anatomical images and subsequently to the MNI152 standard space. RSNs were identified via independent component analysis (ICA) using the MELODIC toolbox (FMRIB) (27, 28) . Spatial smoothing of 3-mm full-width-half-maximum was applied prior to ICA. Group analysis was performed with multisession temporal concatenation. RSNs that consistently appeared in 2D EPI, 3D EPI, and 3D RE-EPI were automatically identified by choosing the components of the 3D EPI and 3D RE-EPI with spatial correlation >0.35 with the 2D EPI RSNs (after thresholding the component maps at Z ¼ 3). When one or more of the 3D EPI and 3D RE-EPI components passed this criterion, the network was dubbed common or split, respectively. Additional independent components were found after visual inspection. RSNs were named via visual comparison with published data (29) (30) (31) (32) .
tSNR per unit scan time in the white matter and gray matter regions were calculated for all subjects for each run using MATLAB (Mathworks, Natick, Massachusetts, USA). Regions of interest containing $100 pixels each were defined in the corpus callosum and cerebral cortex of the sensory motor regions for each subject, and obtained tSNR per unit time values were averaged across subjects. Respiratory and cardiac data were acquired along with MR data from one of the subjects using 3D RE-EPI with TR volume of 0.528 s and using segmented 3D EPI with TR volume of 0.792 s in two additional runs. Minimum TRs for 3D RE-EPI and segmented 3D EPI were used while keeping TE $ T 2 * (33); this corresponds to a penalty on the TR segment by only $1/2 of the ETL for 3D RE-EPI when compared with 3D EPI. Power spectrum analysis was performed using MATLAB on both physiological data and MR signals to evaluate the benefits of sampling at a higher temporal resolution for physiological noise characterization.
RESULTS
To determine the overall quality of images, 3D RE-EPI acquisitions were performed with three volunteers and compared with images acquired with segmented 3D EPI. Images in three orthogonal planes (through the center of the acquisition volume of a representative dataset) obtained with different acquisition speed-up factors are shown in Figure 2 . Overall acquisition speed-up in the partition-encode direction was calculated as S ov ¼ S PU Â A PPA Â A PF . Nyquist ghosts were visible in the phaseencode direction (anterior-posterior) for segmented 3D EPI and in the partition-encode direction (superior-inferior) with 3D RE-EPI. This resulted from the alternating polarity of the readouts shifting from the phase-encode direction (3D EPI) to the partition-encode direction (3D RE-EPI). Due to the increased ETL, increased distortions in the phase-encode direction (anterior-posterior) were observed. Figure 3 shows coronal slices at three different positions without (Fig. 3a) and with ( Fig. 3b) a preparatory spectrally selective fat saturation pulse. The chemical shift artifacts appeared not only shifted in the phaseencode direction but also as a Nyquist ghost (shifted by FOV/2) in the partition-encode direction, when 3D RE-EPI was used without fat saturation.
The reduction in TR volume resulted in an increase in the number of time points acquired with 3D RE-EPI (667 time points) compared with multislice 2D-EPI (102 time points) and segmented 3D EPI (392 time points), improving the ability to detect RSNs via ICA. The networks detected were divided into three categories: (1) common networks, which included medial visual (red-yellow), executive (blue-light blue), default mode (copper), ventral stream (red), sensory motor (green), left lateral (yellow), and right lateral (pink) (Fig. 4a-4c) ; (2) split networks, which were found split across multiple independent components with increasing temporal resolution (Fig. 4d-4f) ; and (3) appearing networks, which were found only at a particular temporal resolution and were absent at the other two temporal resolutions ( Fig. 4g and 4h) .
In addition to increased time points, averaged tSNR per unit scan time values were found to be higher, as expected, in 3D RE-EPI (24.28 6 3.42/53.81 6 3.89 in white matter/gray matter) compared with 3D EPI (17.48 6 2.14/43.78 6 3.04 in WM/GM), an average increase of $31% and, compared with multislice 2D-EPI (14.71 6 1.32/32.22 6 0.87 in WM/GM), an average increase of $66%. The power spectra of the physiological signals along with the power spectra for the whole brain averaged fMRI time course are shown in Figure 5 . Both 1.26 Hz (segmented 3D EPI, Fig. 5a ) and 1.89Hz (3D RE-EPI, Fig. 5b ) sampling rates were sufficient to sample the first harmonic of respiratory signal ($0.23Hz) without aliasing. The first harmonic of the cardiac signal ($1.20Hz) was aliased at both the sampling rates used. With the sampling rate of 1.89 Hz, the maximum frequency that could be sampled without aliasing was $0.94 Hz, making the aliased peak of the cardiac signal's first harmonic appear at 0.68 Hz (Fig. 5b ) which was away from the blood oxygen level-dependent (BOLD) frequency range (0.04-0.13 Hz), whereas for the 3D EPI, the aliasing occurs at 0.06 Hz (Fig. 5a) , overlapping with the BOLD signal. The insets in Figure 5 show the thresholded power spectra images. The cardiac power was greater in the cerebrospinal fluid and in the proximity of large arterial vessels. In contrast, respiratory signals were observed throughout the brain, since respiration induced zgradient variations could be observed over the entire brain region (34) .
DISCUSSION
3D RE-EPI provides a speed-up factor of 2 in the partition-encode direction when two partitions per excitation are encoded at an expense of increased echo train length. It should be possible to encode more than two   FIG. 3 . Chemical shift artifact with 3D RE-EPI without (a) and with (b) spectrally selective fat saturation preparatory pulse played out before each RF excitation. Chemical shift artifacts (arrows) appear not only shifted in the phase-encode direction but also as Nyquist ghost (shifted by FOV/2) in the partition-encode direction, which was left-right in these sagitally acquired data.
FIG. 2.
Each subpanel shows three orthogonal planes from images obtained using 3D EPI and 3D RE-EPI with different overall slicedirection acquisition speed-up factors ranging from 1Â to 8Â. The in-plane A PF and A PPA were 6/8 and 3Â, respectively, for all images. Overall slice-direction speed-up factors used for each acquisition are indicated in the top left corner of each subpanel (a-h). PPA and PF acceleration factors used in the partition direction are indicated on the far left. All the data shown were acquired axially with the readout gradient applied along a left-right orientation.
partitions per excitation if stronger gradients or higher phase-encode acceleration is employed. The total reduction of excitations achieved with 3D RE-EPI, in respect to what can be obtained with segmented 3D EPI, is related with the freedom in distributing the parallelimaging load between the through-plane (partition) and in-plane (phase encoding) directions. Even though 3D RE-EPI doubles ETL (S PU ¼ 2) compared with segmented 3D EPI, thereby increasing the minimum achievable TR, acquisition speed-up is still achieved for fMRI studies. This is because the minimum TR is also limited by TE, which should be kept at $T 2 * for optimum BOLD signal sensitivity (35) , resulting in the minimum TR increment by ETL/2 with 3D RE-EPI. Due to increased ETL, increased distortions are observed in the phase-encode direction. However, these distortions may be reduced by using the same techniques that are developed for 2D-EPI (36) (37) (38) .
Specific absorption rate (SAR) is one of the limiting factors when imaging at ultra-high field strengths. When accelerating 2D EPI by using multiband excitations, the SAR increases linearly with the number of excited bands, which can limit the maximum SNR achievable. One alternative is to use power independent of number of slices (PINS) excitation pulses (29, 39) where the SAR is independent of the number of slices acquired, but the number of slices excited is limited only by the physical dimension of the object and the coverage of the gradient and RF transmit coil along the slice-encode direction. Here, due to the reduced Ernst flip angles and quadratic dependence of SAR on them, the SAR deposition was reduced $20-fold when compared with multislice 2D-EPI.
In addition to the higher temporal resolution, the new kspace sampling strategy results in a reduced number of excitations used to form the same 3D dataset. This is advantageous because it has been shown that the maximum available temporal SNR with segmented 3D EPI decreases with increasing number of segments used (15) . Compared with the segmented 3D EPI, 3D RE-EPI results in a significant increase in tSNR, which explains the improvement in the detection of the RSNs shown in Figure 4 .
To detect activation-induced BOLD responses, reducing the influence of signal fluctuations caused by cardiac pulsation and respiration is especially important at high SNR. The use of short TRs, as possible with 3D RE-EPI, enables better characterization of these nuisance sources   FIG. 4 that could then be removed: either by simple low-pass filtering or via the physiological noise reduction schemes (16, 17, 40) . The improvement in detection of RSNs with faster imaging by means of increased temporal resolution and tSNR was demonstrated in the multiplexed 2D EPI (23) at 3T. The results with 3D RE-EPI are consistent with those and are the first independent demonstrations at 7T that, with 3D imaging, the same principle holds true.
3D RE-EPI is expected to be of special benefit for fMRI applications where temporal resolution, more than spatial resolution, is a limiting factor [e.g., when studying rapid transient responses (41) or the shape of the hemodynamic response function (HRF) or when targeting regions where cardiac pulsation plays an important role (42) not only in terms of signal intensity variation, but also in terms of motion]. Finally, at lower field strength, 3D RE-EPI is expected to perform better due to the reduced magnetic susceptibility effects and due to the longer T 2 *, allowing acquisition of a larger number of kspace planes per segment.
CONCLUSIONS
We conclude that 3D RE-EPI, a novel acquisition scheme for 3D EPI that acquires two k-space planes per RF excitation, yields increased temporal resolution and better physiological noise characterization compared with 3D EPI while producing images with acceptable quality for fMRI studies. 3D RE-EPI (using a 32-channel coil, combined with conventional parallel imaging acceleration methods) allowed up to an eight-fold reduction of the number of excitations needed to obtain full brain coverage. This reduction in the number of excitations translated in acquisition acceleration in fMRI studies and improved tSNR per unit of time, which ultimately leads to an increase in the number of resting state networks being detected in 7T resting state fMRI data. FIG. 5 . Power spectra of two scans acquired with 3D RE-EPI at a sampling rate of 1.89 Hz (a) and segmented 3D EPI at a sampling rate of 1.26 Hz (b). Separately acquired power spectra of respiratory activity (blue) and cardiac activity (red) are shown for both experiments. Note that BOLD signals are typically found in the 0.04-0.13 Hz frequency range. Inset: Overlay of pixels contributing signal variations at cardiac rate (upper row) and at respiratory rate (lower row) on three different representative slices from an anatomical dataset. A thresholded power spectrum with a spectral window of 0.66-0.70 Hz was used to create cardiac pixel overlay, whereas respiratory pixel overlay was created using a spectral window of 0.21-0.25 Hz.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
